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Worldwide, over 170 million people have hepatitis C virus (HCV) infections.[1](#bib1){ref-type="ref"} Chronic infection with HCV leads to liver diseases such as cirrhosis and hepatocarcinoma and is the major reason of liver transplantation.[2](#bib2){ref-type="ref"} Currently, the standard treatment for hepatitis C relies on a combination of interferon‐α and ribavirin (an immune booster and a general inhibitor of virus replication, respectively) which is associated with serious side effects including hemolytic anaemia, depression, fatigue, flu‐like symptoms, and birth defects.[3](#bib3){ref-type="ref"} The standard of care is frequently ineffective in clearing HCV infections and the virus often survives and thrives even under the treatment.

To develop direct‐acting antiviral agents for hepatitis C treatment, studies have been focused on the discovery of inhibitors of viral enzymes, specifically nonstructural protein 3 (NS3) serine protease and NS5B RNA‐dependent RNA polymerase (RdRp).[4](#bib4){ref-type="ref"} Last year, new drugs for treating hepatitis C, Telaprevir (Vertex) and Boceprevir (Merck) , which are NS3 serine protease inhibitors, were approved by the U.S. Food and Drug Administration (FDA), and over 30 drug candidates targeting the same protease or NS5B RdRp are currently in clinical trials.[5](#bib5){ref-type="ref"} Although phase III clinical trials of Telaprevir and Boceprevir showed notable increases in the cure rate, nearly every patient still suffered from at least one side effect of the new therapy.[5b](#bib5b){ref-type="ref"},[c](#bib5c){ref-type="ref"}, [6](#bib6){ref-type="ref"} In addition, HCV has strong drug resistance due to its high mutability. Thus, further therapeutic options are urgently needed to treat HCV infections more effectively.

The C‐terminal two thirds of HCV NS3 forms a helicase, which has the ability to unwind double‐stranded DNA (dsDNA) into single‐stranded DNA (ssDNA) and is fueled by nucleoside triphosphates (NTPs) hydrolyzed by its NTPase domain.[7](#bib7){ref-type="ref"} NS3 helicase is one of the essential enzymes of HCV along with NS3 serine protease and NS5B RdRp for processing HCV proteins and replication of HCV. Thus, the inhibition of helicase activities is an important strategy for treating HCV infections.[8](#bib8){ref-type="ref"} However, discovery of helicase inhibitors has been much slower compared to that of other HCV drug targets.

To date, only a few classes of NS3 helicase inhibitors have been reported, partly because high‐throughput screens have yielded only a few successful hits.[8a](#bib8a){ref-type="ref"},[c](#bib8c){ref-type="ref"} For example, the compounds discovered in the NIH screen based on the molecular‐beacon‐based helicase assay (MBHA) showed poor activity in cells and turned out to interfere with the assay,[9a](#bib9a){ref-type="ref"} even though another MBHA screening identified compounds that inhibited RNA replication in cells.[9b](#bib9b){ref-type="ref"} Therefore, there is an urgent need for new assays to measure helicase activity that are suitable for high‐throughput screens.

Herein, we developed a multiplexed helicase assay based on graphene oxide (GO) for high‐throughput screening of inhibitors of HCV NS3 helicase and severe acute respiratory syndrome coronavirus (SARS CoV) helicase. Previously, we reported a GO‐based helicase assay (GOHA), which relied on the preferential binding of ssDNA over dsDNA to the GO surface and subsequent quenching of the fluorescently labeled ssDNA by energy transfer from the dyes to the GO, and we validated the assay using SARS CoV helicase.[10](#bib10){ref-type="ref"} Herein, we show that the GOHA can be used for measuring the activities of HCV NS3 helicase and SARS CoV helicase in a single mixed solution using two distinct DNA substrates tethered to different fluorophores, and furthermore, for multiplexed high‐throughput screening to discover highly selective small‐molecule inhibitors of these helicases (Figure [1](#fig1){ref-type="fig"}). One round of screening the chemical library using the multiplexed GOHA (mGOHA) revealed three classes of inhibitors---specific inhibitors of HCV NS3 helicase, specific inhibitors of SARS CoV helicase, and general inhibitors of both helicases. To date, GO has been used to develop various biosensors and enzyme assays,[10](#bib10){ref-type="ref"}, [11](#bib11){ref-type="ref"} but concerns about the heterogeneity of the chemical structure and the physical dimensions of GO and nonspecific binding of biomolecules to GO hamper the application of GO‐based assays in high‐throughput parallel assays for drug discovery that require high robustness and reproducibility. Herein, we show that GO can be used for the discovery of potent small‐molecule drug candidates and also determine the specificity and relative effectiveness towards each helicase of each of the identified hits.

![Multiplexed GOHA (mGOHA) with two different helicases acting on two distinct dsDNA substrates. Using a mixture of dsDNAs and GO, the activities of multiple helicases can be easily measured.](ANIE-52-2340-g001){#fig1}

First, GO sheets were prepared by using a modified Hummers' method.[10](#bib10){ref-type="ref"}, [12](#bib12){ref-type="ref"} The thickness of the prepared GO sheets was 0.97 nm and the width was 0.01--4 μm, which were determined by atomic force microscopy (AFM; Supporting Information, Figure S1 a). The IR spectrum of GO showed peaks at 3395, 1716, 1225, and 1079 cm^−1^ corresponding to O---H stretching vibration, C=O stretching vibration, C---O (epoxy) vibration, and C---O (alkoxy) vibration (Figure S1 b). The Raman spectrum of GO had strong D‐ and G‐band absorptions at 1351 and 1589 cm^−1^, respectively, which are characteristic for GO (Figure S1 c). Collectively, water‐dispersible GO sheets were successfully prepared.

To measure the orthogonal activity of SARS CoV and HCV NS3 helicases, either or both helicases were added to a mixture of GO and two DNA substrates---a Cy3‐labeled DNA duplex as the SARS CoV helicase substrate (Cy3‐DNA‐SH) and a Cy5‐labeled DNA duplex as the HCV NS3 helicase substrate (Cy5‐DNA‐HH; Figure S2 a).[13](#bib13){ref-type="ref"} Fluorescence intensities corresponding to Cy3 (Ex/Em=550/570 nm) and Cy5 (Ex/Em=650/670 nm) showed little change without the addition of helicase over 60 min (Figure [2 a](#fig2){ref-type="fig"}). The addition of SARS CoV helicase led to a dramatic decrease in fluorescence intensity for Cy3 only, while Cy5 fluorescence intensity only showed a very small change, suggesting that the Cy3‐labeled DNA duplex was mainly unwound, and subsequently, the interaction of the generated Cy3‐labeled ssDNA with GO resulted in the quenching of the Cy3 fluorescence (Figure [2 b](#fig2){ref-type="fig"}). This data indicated that the unwinding activity of the SARS CoV helicase was specific to its corresponding DNA substrate. Conversely, the addition of HCV NS3 helicase caused a significant decrease in fluorescence intensity of Cy5, but not Cy3 (Figure [2 c](#fig2){ref-type="fig"}). The addition of both helicases led to a decrease in both Cy3 and Cy5 fluorescence, down to zero, indicating the unwinding of both DNA duplexes by the two helicases (Figure [2 d](#fig2){ref-type="fig"}). Fluorescent images of the reaction mixtures taken after 30 minutes of incubation showed clearly distinguishable activity for each helicase (Figure [2 e](#fig2){ref-type="fig"}).

![Validation of the mGOHA. Cy3 and Cy5 fluorescence intensities of a mixed solution of the two dsDNA substrates in a) the absence of helicases, b) with SARS CoV helicase, c) with HCV NS3 helicase, and d) with both helicases. a--d) Circles: Cy3‐DNA‐SH; Squares: Cy5‐DNA‐HH. e) Fluorescent images of the reaction mixtures prepared in a 96‐well plate at two different wavelengths corresponding to Cy3 and Cy5 fluorescence, after a 30 min incubation. f) The Z′‐factor was calculated for the mGOHA from 30 replicates of each control assay. STD=standard deviation.](ANIE-52-2340-g005){#fig2}

To assess the quality of the mGOHA for screening, the Z′‐factor, a parameter widely used to evaluate the robustness and quality of screening assays,[14](#bib14){ref-type="ref"} was determined. Generally, high‐performance assays have Z′‐factors of 0.75 or higher.[15](#bib15){ref-type="ref"} To calculate the Z′‐factor, we ran 30 positive and 30 negative control reactions, calculated the mean (*μ* ~c+~ and *μ* ~c−~ for the positive and negative controls, respectively) and standard deviations (*σ* ~c+~ and *σ* ~c−~), and used an equation shown in Figure S2b. The Z′‐factor of the mGOHA platform for SARS helicase was 0.95 and HCV helicase was 0.94, suggesting that the present GOHA is better and more robust than other established assays (Figure [2 f](#fig2){ref-type="fig"}).

A 96‐well plate mGOHA was used to screen a 10 000 compound library to discover inhibitors of SARS CoV helicase and HCV NS3 helicase (Figure [3](#fig3){ref-type="fig"}). A mixture of library compounds and both helicases were prepared and added to mixed solutions of Cy3‐DNA‐SH, Cy5‐DNA‐HH, and GO that were prepared separately. In the primary screen, the library compounds, helicases, and substrates were used at concentrations of 1 m[m]{.smallcaps}, 2 n[m]{.smallcaps}, and 10 n[m]{.smallcaps}, with a total volume of 60 μL for each mixture. After incubation for 30 minutes at 25 °C, the Cy3 and Cy5 fluorescence was measured using an IVIS fluorescence imaging system (Figure [3](#fig3){ref-type="fig"}; Figure S3). Positive controls were performed with Cy3‐DNA‐SH and Cy5‐DNA‐HH and both helicases, in the absence of library, and negative controls were with Cy3‐DNA‐SH and Cy5‐DNA‐HH, excluding any helicases or compounds. Out of the 10 000 small molecules, 26 specific inhibitors of SARS CoV helicase and 22 of HCV NS3 helicase were found, and 24 compounds were found to inhibit both helicases (≥50 % inhibition).

![A small‐molecule screen identified three sets of inhibitors---specific for SARS CoV helicase, specific for HCV NS3 helicase, and nonspecific helicase inhibitors. Top) Representative fluorescent images from the primary screen carried out with 10 000 small molecules in 96‐well plates. Cy3 and Cy5 signals represent the inhibition of helicase activities for SARS CoV and HCV NS3, respectively. Bottom) Using the 72 compounds selected from the initial screens, a secondary screen was performed in quintuplicate revealing the top 15 inhibitors. Blue bars=SARS‐Hel; Red bars=HCV‐Hel.](ANIE-52-2340-g006){#fig3}

We further characterized the discovered inhibitors to quantitatively evaluate their inhibitory effects towards the respective helicases. First, to increase the fidelity of the data and to eliminate false positive hits owing to poor solubility of the compounds, we performed a secondary screening in replicates of five with the selected compounds from the primary screen (72 total compounds) while carefully observing the reaction mixtures for precipitation. In the secondary screen, the selectivity towards each helicase and the degree of inhibition were comparable to the primary screen. Out of 72, 25 compounds showed severe precipitation and were excluded from the final selection. Finally, we selected the 15 most‐potent compounds including five SARS CoV helicase selective inhibitors (antiSARS‐Hel‐1--5), five HCV NS3 helicase selective inhibitors (antiHCV‐Hel‐1--5), and five inhibitors of both helicases (antiSARS‐HCV‐Hel‐1--5). The chemical formulas of the selected compounds are shown in Figure S3. Dose‐dependent inhibition of SARS CoV helicase and HCV NS3 helicase were measured with varying concentrations of inhibitor using GOHA, and the half‐maximal inhibitory concentration (IC~50~) was calculated (Figure [4 a](#fig4){ref-type="fig"}). The antiSARS‐Hels and antiHCV‐Hels had IC~50~ values of 49.3--104.6 μ[m]{.smallcaps} and 51.6--92.0 μ[m]{.smallcaps}, respectively. We found that antiSARS‐HCV‐Hel‐1--5 had higher IC~50~ values than the selective inhibitors, ranging from 103.8 to 537.5 μ[m]{.smallcaps} for SARs CoV helicase and from 103.5 to 441.1 μ[m]{.smallcaps} for HCV NS3 helicase. Previously known helicase inhibitors generally exhibit IC~50~ values ranging from 1--1000 μ[m]{.smallcaps}.[8b](#bib8b){ref-type="ref"} We expect that a structure--activity relationship (SAR) study could further optimize these hits. The GOHA system can also be used for an SAR study. The dose‐response data and fitted IC~50~ curves are shown in Figure S5.

![Quantitative evaluation of the 15 helicase inhibitors identified and their inhibition of the ATPase activities of the helicases. a) IC~50~ values of the 15 small molecules screened (chemical formulas are shown in the Supporting Information). b) ATPase activity of the helicases, measured in the presence of the inhibitors. Black bars=SARS helicase; Gray bars=HCV helicase.](ANIE-52-2340-g003){#fig4}

We next investigated the mechanism of the inhibitory effects for the discovered compounds. First, we determined whether antiSARS‐HCV‐Hels bind to dsDNA because the low selectivity between the two types of helicases might come from nonspecific binding to dsDNA and thus, slow down the unwinding process. However, isothermal titration calorimetry (ITC) and NMR spectroscopy showed no interaction between the antiSARS‐HCV‐Hel‐1--5 and dsDNA (Figures S7--S9). We next determined whether the 15 compounds had any inhibition of the ATPase activities of the helicases (Figure [4 b](#fig4){ref-type="fig"}). SARS‐Hel and HCV‐Hel possess an ATPase domain for the catalytic hydrolysis of ATP. We used a commercial kit to analyze the ATPase activities of both helicases in the presence of the 15 inhibitors. We found that all of the antiSARS‐Hels except for antiSARS‐Hel‐2 showed a significantly higher inhibition of the ATPase activity of SARS CoV helicase than HCV NS3 helicase; all the antiHCV‐Hels showed a much higher inhibition of ATPase activity of HCV NS3 helicase than SARS CoV helicase. AntiSARS‐HCV‐Hel‐1 and ‐2 blocked the ATPase activities of both helicases to a similar degree. The antiSARS‐HCV‐Hel‐3--5 inhibited the ATPase activity of HCV NS3 helicase more effectively than that of the SARS CoV helicase; however, the overall inhibition of antiSARS‐HCV‐Hels on the ATPase activities were not as impressive as that of the antiHCV‐Hels against the ATPase activity of HCV NS3 helicase. Inhibitors selective for each helicase could block the ATPase activity of each helicase with high selectivity. Further studies should be performed to investigate the mode of inhibition---whether the inhibitors bind to the ATP binding sites or induce conformational change by allosteric regulation.

We next measured the inhibition of HCV RNA replication by the 15 selected inhibitors in the human hepatoma cell line Huh‐7 carrying the HCV replicon RNA with luciferase as a reporter gene (Huh‐7 replicon cell).[16](#bib16){ref-type="ref"} The replicon Huh‐7 cells were treated with the 15 inhibitors at concentrations of 0--1000 μ[m]{.smallcaps} and then lysed, and the luminescence intensity was measured after the addition of luciferin. Separately, the cytotoxicity of each compound was measured in the same cell line using an MTT assay. Relative luciferase signal intensities over relative MTT signal intensities (Luc/MTT) were plotted versus the concentrations of the inhibitors (Figure [5](#fig5){ref-type="fig"}; see Figure S6 for the complete data of the luciferase and MTT assays).[17](#bib17){ref-type="ref"} Two compounds, antiHCV‐Hel‐2 and ‐3, showed a dose‐dependent decrease in the Luc/MTT values with the respective half‐maximal effective concentrations (EC~50~) of 188.1±32.6 and 56.8±7.4 μ[m]{.smallcaps}, indicating that they dose‐dependently blocked HCV RNA replication in the cultured Huh‐7 cells (Figure [5 b,c](#fig5){ref-type="fig"}). AntiHCV‐Hel‐2 and ‐3 decreased the luciferase signal by more than 90 % at 1 m[m]{.smallcaps}. The other antiHCV‐Hel compounds, antiSARS‐Hel‐5 and all the antiSARS‐HCV‐Hels, were highly cytotoxic showing less than 40 % cell viability at 1 m[m]{.smallcaps}. AntiSARS‐Hel‐1--4 showed little reduction in the luciferase signal even at 1 m[m]{.smallcaps}. We excluded antiHCV‐Hel‐5 because of its relatively high EC~50~≈400 μ[m]{.smallcaps}. Taken together, antiHCV‐Hel‐2 and ‐3, blocked HCV RNA replication in the cells whereas all of the antiSARS‐Hels and antiSARS‐HCV‐Hels showed no appreciable inhibitory effect on HCV RNA replication in cultured cells. These results show that helicase inhibitors should be specific to the corresponding helicase to achieve an inhibitory effect in living cells. In addition, the nonselective inhibitors that moderately reduce the activity of both helicases had a relatively high cytotoxicity, indicating that those compounds should be excluded for further drug development.

![Cell‐based assay to test the inhibition of HCV RNA replication in Huh‐7 liver cells by antiHCV‐Hel‐2 and ‐3. a) A luciferase reporter system based on the expression of the HCV subgenome in Huh‐7 cells with a neomycin antibiotic resistance marker. b, c) To characterize the inhibition of HCV RNA replication in live cells, Huh‐7 liver cells were treated with inhibitors and luciferase signal intensity from the reporter shown in (a) divided by cell viability was plotted versus inhibitor concentrations (to correct for luciferase signal loss from cytotoxicity of the compounds). d) To confirm that the two inhibitors block HCV RNA replication and thus, reduce the expression of HCV enzymes, the HCV NS3 serine protease activity of the Huh‐7 cell lysates was measured following incubation with the two inhibitors.](ANIE-52-2340-g004){#fig5}

We further investigated whether the antiHCV‐Hel‐2 and ‐3 could reduce the expression of HCV NS3 serine protease by blocking HCV RNA replication in Huh‐7 cells (Figure [5 d](#fig5){ref-type="fig"}). The cells were first treated with 250 μ[m]{.smallcaps} of antiHCV‐Hel‐2 and ‐3 at which the luc/MTT values were 0.39 and 0.24, respectively, and the cell viability based on the MTT assay was over 70 %. After cell lysis, the HCV NS3 serine protease activity was measured with a Förster resonance energy transfer (FRET) peptide substrate. Treatment with antiHCV‐Hel‐2 and ‐3 reduced the protease activity in the Huh‐7 cells down to 30 % of that in the untreated cells. This indicates that NS3 serine protease activity was also decreased as a result of the inhibition of HCV RNA replication in living cells by antiHCV‐Hel‐2 and ‐3.

In conclusion, we demonstrated the capability of mGOHA for assaying the activity of two helicases, HCV NS3 and SARS CoV, and applied this mGOHA to a high‐throughput inhibitor screen using a 10 000 small molecule library, which yielded drug candidate molecules. These results illustrate that mGOHA is an important screening technique for drug discovery targeting helicases. GOHA allows for more‐accurate, real‐time, quantitative monitoring of helicase activity by simply following the changes in fluorescence intensity, without requiring any additional separation steps or trapping agents. A multiplexed screen is highly advantageous not only because multiple rounds of screening are combined into one screen to reduce the overall cost and labor, but also because just one round of multiplexed screening provides information on the relative selectivity of the hit compounds towards each target helicase. Given that various GO‐based activity assays have been developed for various enzymes, including nucleases,[18a](#bib18a){ref-type="ref"} methyltransferases,[18](#bib18){ref-type="ref"} and caspases,[11c](#bib11c){ref-type="ref"} the present work shows that a GO‐based assay can be used for high‐throughput screening for new inhibitors of various essential enzymes.

For the treatment of HCV infection, the addition of direct‐acting antiviral agents, like inhibitors of NS3 protease, to the standard treatment was recently approved. The addition of multiple drugs acting against independent viral targets should be more effective in controlling infection with a rapidly mutating virus. We expect that the new inhibitors of HCV NS3 helicase discovered herin could be useful as antiviral drugs for the next generation of HCV treatment, with three or more active components. In addition, we expect that GOHA can be used to evaluate helicase activities in a highly parallel manner and of helicase‐inhibitor‐based drugs for various diseases, which has been difficult without a robust helicase assay.
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